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Abstract We report the ﬁrst measurement of nighttime atmospheric temperature and horizontal wind
proﬁles in the lower thermosphere up to 140 km with the Na lidar at Andes Lidar Observatory in Cerro
Pachón, Chile (30.25∘S, 70.74∘W), when enhanced thermospheric Na was observed. Temperature and
horizontal wind were derived up to 140 km using various resolutions, with the lowest resolution of about
2.7 hr and 15 km above 130 km. Thus, the measurements span 60 km in vertical, more than double the
traditional 25 km. On the night of 17 April 2015, the horizontal wind magnitude in the thermosphere
exceeds 150 ms−1, consistent with past rocket measurements. The meridional wind shows a clear transition
from the diurnal-tide-dominant mesopause to the semidiurnal-tide-dominant lower thermosphere. A lidar
with a 100 times the power aperture product will be able to measure wind and temperature above 160 km
and cover longer time span, providing key measurements for the study of atmosphere-space interactions in
this region.
1. Introduction
It is well known that neutral wind in the thermosphere is extremely important for the electrodynamics in both
E and F regions of the ionosphere. The neutral-ion interactions drive a complex electric ﬁeld that are responsi-
ble for many variabilities in the ionosphere. Studies have also shown that the atmospheric disturbances from
below, such as gravity waves [e.g., Fritts et al., 2009], planetary waves [Liu et al., 2010], and tides [Immel et al.,
2006; Hagan et al., 2007] are responsible for a variety of phenomena in the ionosphere, including equato-
rial spread F, plasma bubbles, and longitudinal variations of electron density. Gravity waves also have strong
impact on themean state of the thermosphere even in the F region [Yigit et al., 2012]. Successful modeling of
the ionosphere-thermosphere systems [Richmondet al., 1992; Fesen et al., 2000] crucially depends on accurate
knowledge of the neutral wind in this region [Huba et al., 2010]. However, measurement of the neutral wind in
the thermosphere has long been a challenge, especially at high vertical and temporal resolutions necessary
to resolve the atmospheric disturbances. In themesopause and lower thermosphere extended (MLT-X) region
(80–200 km), the only accurate, high vertical resolution wind measurements are obtained through rocket
experiments with chemical releases and resonance-ﬂorescence Doppler lidars. Empirical models such as the
horizontal wind model (HWM) [Drob et al., 2008] provide the mean global wind ﬁeld but does not include
short periods and spatial scale disturbances necessary to study thermosphere variabilities. Larsen and Fesen
[2009] compared rocket measurements of over 500 wind proﬁles since late 1950s with the HWM and showed
that the model agrees reasonably well with the average wind but signiﬁcantly underestimates the maximum
wind and shear.
Narrow-band resonance-ﬂuorescence lidars have long been used for measuring the fundamental atmo-
spheric quantities including temperature and wind in the mesopause region (80–105 km). The technique is
based on detecting the thermal broadening and Doppler shift of atomic spectral lines of the mesospheric
metals, mainly Na [Gardner, 2004], which is relatively abundant and has large eﬀective backscattering cross
section for resonance-ﬂuorescence scattering. The Na layer exists mainly in the 80–105 km altitude range
due to meteoric ablation [Plane, 2003], which dictates the range of lidar measurements. When enough Na
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is present, the Na lidar measurement of wind is highly accurate, as demonstrated by comparisons with the
advection velocities from meteor trails [Grime et al., 2000] and the rocket measurement [Larsen et al., 2003],
both conducted at Starﬁre Optical Range, NewMexico, and with colocated meteor radar wind measurement
at Maui [Franke et al., 2005].
In recent years, several lidar sites around the world reported observations of metal layers in the lower ther-
mosphere [Gerding et al., 2001; Gong et al., 2003; Höﬀner and Friedman, 2004, 2005; Chu et al., 2011; Friedman
et al., 2013; Xue et al., 2013; Gao et al., 2015], reaching as high as 155 km [Chu et al., 2011] for Fe and up to
170 km [Gao et al., 2015] for Na. While most of these observations weremade with broadband lidars that can-
not measure Doppler wind, the existence of these high-altitude metal layers raises the potential possibility
of using narrow-band metal lidars to extend the temperature and wind measurement into the lower ther-
mosphere. Since there is no other instrument currently capable of measuring nighttime neutral temperature
and wind in this region, this potential capability is a signiﬁcant advancement in upper atmosphere remote
sensing. The continuous coverage of the neutral atmosphere in both time (over several hours at night) and
altitude (80–140 kmor higher) provides information on the short-period variabilities and their evolution from
the upper mesosphere across the turbopause into the lower thermosphere. This will provide crucial informa-
tion in this poorly known region, wheremany important coupling processes between the neutral atmosphere
and ionosphere occur andwhere the behaviors of many disturbances change quickly as they propagate from
a well-mixed homosphere into the molecular-diﬀusion-dominated heterosphere.
In this studywe present the ﬁrst observations of thermospheric Nawith a narrow-band Nawind/temperature
lidar. The lidar is located at Andes Lidar Observatory (ALO) in Cerro Pachón, Chile (30.25∘S, 70.74∘W). Recently,
the thermospheric Na was observed onmany nights over several months since May 2014. While the observa-
tion of thermospheric Na layer is of great scientiﬁc interest, it will be analyzed in detail in a separate study. In
this work, our focus is on the lidar capability of measuring thermospheric horizontal wind and temperature.
Wewill show thatwith thepresenceof thermosphericNa, temperature andhorizontalwindmeasurement can
be extended into the lower thermosphere up to 140 kmwith the current system. Furthermore, we show that
a more powerful lidar will likely be able to extend such measurement to even higher altitude (above 150 km)
and cover the entire E region with the presence of small amount of Na. In the next section, the recent Na lidar
campaigns at ALO are described, followed by brief description of the features of themeasured thermospheric
Na. In section 3, we describe themethod used to derive temperature and wind in the thermosphere and pro-
vide estimates of their uncertainties. Comparisons are made with the MSIS [Hedin, 1991; Picone et al., 2002]
andHWM [Drobetal., 2008]. The results are summarized in section 4with discussion on the capability of future
more powerful lidars in extending measurement further into the thermosphere region.
2. ALO Lidar and Thermospheric Na Layer
TheALONa lidarwas upgraded inMay 2014with a high-power ampliﬁeddiode laser (TA-SHGPro fromToptica
Photonis, Inc.) as the master oscillator, replacing an aging Coherent Ring Dye Laser. The receiver optics was
also improved with more eﬃcient optical coupling from the telescope to the PMT as described in Smith and
Chu [2015]. These combined improvements resulted in nearly uninterruptednightly lidar operations in several
following campaigns, with signals of over 1000 counts per laser pulse from the Na layer at about 0.4–0.6Wm2
power aperture product. Four campaigns were conducted after the upgrade, in August–September 2014,
January–February 2015, April 2015, and July 2015. The ALO lidar measures the Na density, line-of-sight wind,
and temperatureproﬁles in zenith (Z), and20∘ oﬀ-zenith toeast (E) and south (S). Before January 2015, the lidar
was operated in zenith direction only. Starting in January 2015, the lidar was operated in ZSE sequence, with
60or 90 s integration timeat eachdirectiononmost nights. Horizontalwinds aremeasuredwhen the lidarwas
operated in this mode. Table 1 lists the number of total observation nights after the upgrade and the number
of nights when thermospheric Na were observed. Out of 58 nights, the thermospheric Na were observed on
13 nights, and they appeared during theMay 2014, August–September 2014 and April 2015 campaigns, with
a total of 32 nights. Therewas no thermospheric Na observed in any of the 21 nights in January-February 2015
and July 2015 campaigns. Therefore this thermospheric Na is not a persistent feature, and their appearance
has large month-to-month variations. In the months that they do appear, their occurrence rate is quite high,
average at about 40%.
An example of the observed thermospheric Na on the night of 17 April 2015 is shown in Figure 1. The contour
is plotted using the raw calculated Na density, at vertical resolution of 500m, and temporal resolution of 60 s.
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Table 1. Numbers of Nights of Lidar Observations in Five Campaigns Since May 2014 Upgradea
May 2014 Aug–Sep 2014 Jan–Feb 2015 Apr 2015 July 2015 Total
Total nights 3 (2) 16 (5) 16 (0) 13 (6) 10 (0) 58 (13)
Horizontal wind mode 0 0 6 (0) 8 (5) 10 (0) 24 (5)
aThe numbers of nights when thermospheric Na were observed are in the parentheses. The numbers of nights when
horizontal wind were measured are listed in the second row.
No smoothing or interpolationwas used. Note that a nonlinear color scale is used to highlight the low density
of thermospheric Na. On this night, the Na appeared at about 160 km after 3 UT, graduallymoving downward,
and reaching 120 km at about 6UT. The Na density in the thermosphere varies from 1–2 cm−3 to 5 cm−3. Note
it is possible that Na also exists in thewhite regionwith lower density (< 1 cm−3) but is too low to be detected.
This pattern is common on almost all nights when the thermospheric Na was present, with some variations
in appearance time and descending rate.
3. Thermospheric Wind and Temperature
The presence of thermospheric Namakes it possible to derive temperature and horizontal wind in this region.
The nights when both horizontal windweremeasured and the thermospheric Nawere present are during the
April 2015 campaign, on 17–19, 21, and 23. Data from these nights are used to extend the horizontalwind and
temperature measurements into the lower thermosphere. The results on 17 are presented here. The results
from other nights are similar with some diﬀerences in the range of derived wind and temperature due to
diﬀerent Na densities and lidar signal levels.
The Na lidar at ALO measures the wind and temperature using the three-frequency technique [She and Yu,
1994]. The laser is locked at the Na resonance frequency at the D2a line, and the two frequencies shifted by
±630 MHz in a sequence. The temperature and line-of-sight wind are derived based on the ratios among the
backscattered signals at these three frequencies [Krueger et al., 2015, and references therein]. The wind and
temperature errorswith the three-frequency technique are dominatedby thephotonnoise,which follows the
Poisson distribution. For the Na lidar system, the rms temperature and line-of-sight wind errors, as described
in equations (8) and (26) in Gardner [2004], are mainly determined by the signal-to-noise ratio (SNR),
SNR = N√
N + B
, (1)
Figure 1. Na density (atoms per cm3) on the night of 17 April 2015 measured by the Na lidar at Andes Lidar Observatory
in Cerro Pachón, Chile. Nonlinear color scale is used to highlight the low density in the thermosphere.
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Figure 2. (a) Signal and (b) SNR proﬁles at 6.5 UT on 17 April 2015 when the lidar was pointed at zenith, smoothed with
a 5 km full width Hamming window. The raw proﬁle (blue) is at 1 min, 1 km resolutions. The binned proﬁle (red) is
obtained by binning photon counts with an n km bin in vertical and by adding up m consecutive proﬁles, centered at
the altitude and time in question. Diﬀerent values of n and m are used in diﬀerent altitude ranges as indicated by the
dashed horizontal lines and the numbers on the left as n ×m.
where N is the Na signal and B is the background photon count. Note that this deﬁnition of SNR is equivalent
to the square root of the SNR deﬁned in Gardner [2004].
As seen in Figure1, theNadensity in the thermosphere, thoughdetectable, is 3–4orders ofmagnitude smaller
thanat thepeakof theNa layer. Toexamine the signal distribution inmoredetail,we show inFigure2 the signal
and SNR proﬁles at 6.5 UT on this night when the lidar was pointed at zenith. These proﬁles are smoothed
with a 5 km full width Hamming window to remove small scale ﬂuctuations. The blue lines in Figures 2a and
2b are from raw photon counts at 1 km, 1 min resolutions. They show that above 117 km, the background
becomes larger than the signal and the SNR drops below 5. To increase the SNR at high altitudes, while still
maintain higher resolutions at lower altitudes, we divided the altitude range into several regions at 105 km,
115 km, 120 km, 125 km, and 130 km, as marked by horizontal dashed lines in Figure 2. In each region, the
signals are binned in vertical with an n kmwindow and in time by addingm consecutive proﬁles, all centered
at the altitude and time in question. The speciﬁc values of n andm are indicated in Figure 2 in all layers. The
signal, background, and SNR after binning are shown as red lines. Even though the binning does not change
the relative magnitude between the background and the signal, the SNR is increased by a factor of
√
n ×m.
After binning, the SNR is above 50 at all altitudes up to 150 km. This is about the same as the SNR at 100 km
before binning, so we can expect that reasonable temperature and wind can be derived.
During the night, the lidar was pointed to zenith, and 20∘ oﬀ-zenith to south and east in sequence, with 60 s
integration time at each direction. With additional time for laser beam steering, it takes 80 s to complete one
proﬁle. The proﬁles in the east was used to derive the zonal wind; the proﬁles in the southwere used to derive
the meridional wind as well as the temperature, because the meridional signal is the highest. The binning
Figure 3. Temperature on 17 April 2015 (left) and corresponding MSIS temperature (right) on the same night. Note the
nonlinear contour intervals used to accommodate the rapid temperature increase in the thermosphere.
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Figure 4. Zonal (top) and meridional (bottom) winds on 17 April 2015 (left) and corresponding HWM14 winds (right) on
the same night.
was done separately in each direction. Therefore, the total time span of binningm proﬁles in one direction is
80s ×m × 3 = 4mmin. Therefore, binnings of 5, 11, 21, and 41 proﬁles in diﬀerent layers correspond to time
spans of 20, 44, 84, and 164 min, respectively.
The derived temperature and horizontal wind using the binned proﬁles are shown in Figures 3 and 4,
respectively. The white regions are where the signals are too low to derive temperature and wind. The con-
tours are smoothed with 5 km and a 1 h full width Hamming windows. The derived temperature from south
can reach 135 km throughout most of the night and sometimes can reach 140 km. It shows a rapid increase
from below 300 K to above 400 K in a narrow layer less than 5 km, which descends from above 120 km around
4 UT to 110 km at 10 UT. The similar feature is also visible in the MSIS contour. Higher in the thermosphere
above 125 km, themeasured temperature exceeds 500 K. TheMSIS temperature also increases to above 500 K,
but the increase is slower than the lidar measurement.
The zonal wind shown in Figure 4a only reaches 120 km, because the lidar signal is smaller in this direction.
There is strong westward wind between 105 and 120 km throughout the night. In Figure 4c, the measured
meridional wind reached can reach up to 140 km. There is a clear downward progression of the maximum
southward wind from about 130 km at 4 UT to 110 km at 9 UT. Below 105 km, there is downward progression
of alternating southward/northwardwinds at slower rate. It is clear that the structures are associatedwith the
diurnal tidebelow105 kmandwith the semidiurnal tide above. Becauseof the large vertical range coverageof
over 50 km, the transition from themesopausewhere the diurnal tide is dominant to the lower thermosphere
where the semidiurnal tide is dominant is clearly measured by the lidar.
Comparing with the HWMwind in Figures 4b and 4d, we can identify some similarities, such as the westward
windbetween 100 and 100 km, and the transition fromdiurnal tide to semidiurnal tide in themeridionalwind.
Overall, the HWM winds are much smaller than the lidar measurement. This is expected because the HWM
only represents the mean wind ﬁeld. The magnitude of the lidar measured horizontal wind is around 150 to
200ms−1, comparable with decades of sounding rocket measurements [Larsen, 2002] and Incoherent Scatter
Radar measurements [Fesen et al., 1993; Larsen and Fesen, 2009].
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Figure 5. Signal-to-noise ratios in zenith direction on 17 April 2015, binned with 5 km vertical bin size and summed over
11 proﬁles. The white and black lines indicate SNR = 5 and 50, respectively. The white region is where SNR < 1. (a)
Calculated with measured signal and background. (b) Calculated with no background noise and the signal reduced by a
factor of 5, simulating the eﬀect of a daytime ﬁlter.
4. Conclusions
We have demonstrated that the ALO Na lidar with a modest 0.4–0.6 Wm2 power aperture product is capa-
ble of measuring the nighttime neutral atmosphere temperature and wind measurement well into the lower
thermosphere up to 140 km, when the thermospheric Na is present. This has signiﬁcantly increased the alti-
tude range of Na lidar measurements from the traditional 25 km (80–105 km) to 60 km, covering almost the
entire E region. One of the scientiﬁc values of such measurement is illustrated in the meridional wind, which
shows the simultaneous measurement of the diurnal tides in themesopause region and the semidiurnal tide
in the thermosphere.
The thermospheric Na and other metals were not observed by ground-based lidars until recent years, mainly
due to improvement in lidar technology which signiﬁcantly increased the signal. Recent lidar observations
have shown that the thermospheric metals are not a rare phenomenon. Satellite observations [Gardner et al.,
1999] have also shown that there exists a permanent, low-density neutral Na up to 300 km, withmaxima near
dawnanddust andaround themagnetic equator. This suggests that the thermosphericNa is not limited to the
color area shown in Figure 1. A Na lidar with a larger power aperture product will be able to detect Na at lower
density, therefore cover larger vertical range and longer time period. To illustrate this, we show in Figure 5a
the SNR on 17 April 2015 in zenith direction with photon counts binned using n = 5 andm = 11, the same
binning parameters used for the layer between 105 and 115 km. A black line highlights where SNR = 50, the
value when reasonable temperature andwind can be derived. A white linemarks where SNR = 5. If the power
aperture product of the lidar is increased by a factor of 100, the SNR will increase by a factor of 10, so all the
area below the white line will have SNR > 50, and wind and temperature can be derived at the resolution of
5 km and 21 proﬁles (corresponding to as short as 21min, or 84min in the current ALO lidar operationmode).
If the resolution is further reducedby a factor of 5,wind and temperature in all the colored area canbederived.
Since a major part of the photon noise in the lower thermosphere is from the background, the technique
used in daytime lidar measurement, which involves using Faraday ﬁlters [She, 2004; Krueger et al., 2015] to
reduce the background,may also be used. Typically, such ﬁlters can reduce the background to negligible level
but also reduces the signal. To exam the eﬀectiveness of this, we neglected the background and reduced the
signal by a factor of 5 to recalculate the SNR, which is shown in Figure 5b. It shows that the SNR is reduced at
lower altitude but is increased above. Combining this with a much larger power aperture product lidar, it can
be expected that wind and temperature measurements can be extended above 150 km. One such powerful
lidar system is recently proposed in the report of the Observatory for Atmosphere Space Interactions (OASIS)
[Gardner et al., 2014]. It will be able to provide measurements of the neutral atmosphere in the mesosphere
lower thermosphere-extended (MLT-X) region, providing key information for the study of both neutral and
electrodynamics and the atmosphere-space interactions.
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